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There has been a steady growth of interest in cryobiology during the past 10 years: this decade has seen a considerable increase in our understanding of the effects of low temperatures and of freezing on living cells and a significant development of new and more refined methods of overcoming freezing injury in order to achieve viable storage at very low subzero temperatures. This has led to workers in many fields realizing, for the first time, that cryobiology may be able to provide them with useful tools for their own purposes. Pathology is no exception. One of the very first cell types to be preserved at very low temperatures was the erythrocyte, and much of the subsequent theoretical work in cryobiology 4ias used this simple cell as a model system. As a result, a whole range of red cell preservation techniques has been evolved, some applicable to clinical transfusion and others more suited to the laboratory. The haematologist may also wish to store lymphocytes, thrombocytes, haemopoietic cells, and possibly granulocytes. Microbiologists need to preserve microorganisms for reference purposes, and also tissue culture cells and fetal tissues for virus isolation. Finally, experimental pathologists may wish to preserve a whole range of tissues for their studies, skin and endocrine tissues, for example.
In this review I propose first to outline our present understanding of the mechanisms of freezing injury and cryoprotection and then to deal with practical methods of long-term storage that have been developed for use in haematology and microbiology. Finally, I shall deal more generally with the development of preservation techniques for some more complex tissues that might find some relevance in experimental pathology. I have quite arbitrarily defined 'long-term' to mean 'longer than one month' for the purpose of this review.
Cooling of Cells to Temperatures above 0°C
The use of cooling to prolong the survival of isolated cells and tissues depends on the effect that a reduction in temperature has on chemical reaction
Received for publication 18 December 1975 rates and hence on metabolism, thereby reducing the demand for oxygen and substrates. Unfortunately, however, cooling to temperatures above 0°C does not provide adequate storage periods for many practical purposes, and there are no common cells for which long-term preservation can be obtained in this way. There are many reasons why this is so: metabolism does not cease at 0°C, nor are all reactions slowed to the same degree; consequently, inter-related metabolic pathways may be 'dislocated' by cooling. Some effects of cooling are frankly harmful: for example, cooling switches off the Na-pump, which is responsible for the regulation of cell volume, and as a result cooled cells swell (Leaf, 1959) ; membrane lipids undergo phase changes which may in themselves be harmful, and which also have dramatic effects on the reaction rates of membrane-bound enzymes (Lyons, 1972) ; poorly soluble materials may precipitate, and dissociation constants change, resulting in changes in the composition and pH of solutions (van den den Berg and Rose, 1959) ; some cells are damaged or even killed by a reduction in temperature per se, especially if cooling is rapid, a phenomenon known as thermal shock (Lovelock, 1955) . Taken together the various changes that are induced by cooling severely limit the time for which cells can be stored at temperatures above 0°C, but when attempts are made to use lower temperatures, freezing occurs, and freezing itself is normally lethal to cells.
Freezing
Freezing is the separation of pure water as ice, which concentrates any solutes present in the remaining liquid phase. This raises the possibility of two sources of freezing injury, ice itself and the altered liquid phase. Let us look first at the changes that occur in the liquid phase.
The principal solute in biological fluids is sodium chloride. When isotonic (0-15 M) sodium chloride solution is cooled it may supercool a few degrees, but if seeded it freezes at -0-56°C. As cooling is continued, so further ice separates, sufficient at each temperature to concentrate the salt in the 271 remaining liquid to produce a solution that has that freezing point. Thus, the remaining solution is progressively diminished in volume and increased in strength until at -21d1°C the saline has reached a concentration of 5-2 M; at this temperature, the eutectic point, the remaining solution solidifies. Therefore, when cells are suspended in isotonic saline that is frozen, they are subjected to a 32-fold increase in sodium chloride concentration. In the mixed solute systems that occur in practice, similar changes in osmolality occur, but in addition there are changes in composition brought about by differing solubility characteristics of the various solutes. This may be very important; for example, van den and van den Berg and Rose (1959) have shown that when a solution containing NaH2PO4 and Na2HPO4 is cooled, its pH falls if the molecular ratio of the two compounds is less than 57, but the actual pH is greatly influenced by the other solutes that are present. Mazur has coined the term 'solution effects' to include all the changes that occur in the liquid phase as a result of freezing and the effects that they have on any cells that are also present in the system.
It is important to realize that ice formation is normally entirely extracellular. There are several reasons for this. In the first place, when heat is removed by conduction from the external surface of the specimen, the coldest point will always be in the extracellular fluid. Secondly, the extracellular fluid forms one large compartment, whereas the intracellular space consists of very many small compartments: the probability of ice nucleation occurring in any given compartment is directly related to its size, and this makes it inevitable that nucleation will occur in the extracellular fluid before a significant number of cells have frozen internally. Once ice has started to form, it will propagate throughout that compartment until equilibrium is reached. Hence, even if a few cells should freeze internally before extracellular freezing starts, once extracellular ice has formed it will continue to grow in that space, and since cell membranes are impermeable to the main solutes present, water will be withdrawn from the cells by the increased external osmolality. Hence the cells will shrink, and so long as cooling is slow enough to allow water to leave the cells to maintain equilibrium, no further intracellular freezing will occur. Let us look next, therefore, at the effects of raised external osmolality, and then return later to the possibility of intracellular freezing at rapid cooling rates.
Clearly, the most obvious effect of raised external osmolality is that cells shrink. Farrant and Woolgar (1972a, b) measured the mass of water in erythrocytes exposed to solutions of sodium chloride and sucrose and showed that the cells reached a minimum volume at about 1800-2000 mOsm/kg. Meryman (1968) suggested that when the osmolality is increased beyond this value, an actual hydrostatic pressure difference is produced across the cell membrane, and that this may then damage the cell. However, this seems distinctly unlikely, because intracellular proteins reach such a high concentration under these conditions, and their osmotic properties are so extremely non-ideal, that very small water movements are sufficient to maintain equal water activity on either side of the cell membrane. Certainly the membranes are damaged however; they become leaky to cations, and significant cell lysis is observed but this effect is not sufficient to explain the damage observed during freezing. Three observations made on human erythrocytes by Daw et al (1973) illustrate this. First, the amount of haemolysis produced at a given osmolality without freezing was less than that observed when the same osmolality was produced by freezing. Moreover there was less damage when cells were frozen in sucrose instead of sodium chloride, whereas the same shrinkage and haemolysis was produced by exposure to sgcrose without freezing. In addition, freezing was found to render red cell membranes permeable to sucrose, whereas exposure to equivalent osmolalities without freezing did not. Clearly, additional factors were at work during freezing. The obvious differences between the simple hypertonic model system and actual freezing are that freezing and thawing involve changes in temperature as well as concentration, and that during thawing the cells are resuspended in the original osmolality. Lovelock in 1955 showed that erythrocytes suspended in hypertonic salt solutions, sufficient to produce only minimal haemolysis if the temperature was held constant at 37°C, were lysed when cooled to 0°C (see fig 1) . This is a 'thermal shock' phenomenon, possibly analogous to that which occurs naturally with some species of bacteria (Meynell, 1958) and spermatozoa (Smith, 1961a ) but which occurs with erythrocytes only when they have been appropriately sensitized. Lovelock (1955) showed that hypertonic conditions elute lecithin from erythrocyte membranes, and he suggested that the low melting point of this lipid makes lecithinrich membranes more pliable at low temperatures and therefore less liable to fail under the stresses produced by differential thermal contraction. This phenomenon must also occur during freezing because the cells are then exposed to rising salt concentrations and falling temperature at the same time.
Lovelock (1953a) also carried out a very elegant experiment showing that red cells exposed to hypertonic saline were damaged further when they were returned to isotonic conditions. He showed that when erythrocytes were frozen in 0-15 M sodium chloride they could not be recovered without lysis if they spent more than 30 seconds in the temperature zone between -4 and -40°C. He pointed out that -4°C is the freezing point of 0 8 M sodium chloride, and that therefore as the cells are cooled through this zone they are exposed to external sodium chloride concentrations increasing from 08 M at -4°C to 5-2 M at -21-1°C. Lovelock then showed that when erythrocytes were suspended in sodium chloride solutions varying from 0 6 to 3-6 m, the haemolysis produced when they were resuspended in 0-15 M sodium chloride was the same as that which occurred when suspensions in isotonic saline were frozen to the temperature which results in the same concentration and then thawed again (see fig 2) . Mazur (1963) has produced a very convincing explanation for this phenomenon. He pointed out that red cells, which have a high permeability for water, have a high optimum cooling rate, whereas yeast, which is relatively impermeable to water, survives better at low cooling rates: it follows from the permeability data that yeast cells will tend to freeze internally at lower cooling rates than erythrocytes, and he was able to show that significant amounts of supercooled intracellular water start to occur in yeast at 10°C/min, and at 3000°C/min in erythrocytes. These happen to be the cooling rates giving maximum survival with each of these cells, and if one postulates that intracellular freezing is damaging, by some mechanism as yet unknown, then the actual effect of cooling rate on cell survival can be explained. There is now direct experimental confirmation, both from light microscopy (Diller et al, 1972) (Walter et al, 1975) , that intracellular freezing does occur during rapid cooling and is associated with cell destruction. Figure 3 shows the effect of cooling rate on the survival of four cell types; note particularly that mouse bone marrow cells, which are typical nucleated mammalian cells, show less than 2% survival at any cooling rate. This is explained by postulating that accelerating the cooling rate causes internal freezing to occur before the rate is fast enough to reduce significantly the damage from solution effects. If this is correct, a useful survival rate would be obtained if some method could be found to reduce solution effects at cooling rates slow enough to avoid intracellular freezing. It is fortunate that the accidental discovery of the cryoprotective action of glycerol did exactly this.
Cryoprotection
The historic discovery of the cryoprotective effect of glycerol was made in 1948 when Polge et al (1949) found that fowl spermatozoa that had been cooled to -79°C in 1 1 M glycerol recovered with little damage after thawing. Mammalian erythrocytes behaved similarly. Lovelock (1953b) explained the cryoprotective action of glycerol on the basis of colligative action; he demonstrated that the rise in salt concentration when isotonic sodium chloride solution was frozen was much greater than the rise in glycerol concentration when biologically acceptable concentrations of glycerol were frozen (see fig  4) . It followed, of course, that when both sodium chloride and glycerol are present, they will both be concentrated to the same proportional extent, since it is the removal of solvent water to form ice that is concentrating both solutes. He showed that the reduction in salt concentration achieved by the addition of glycerol to a suspension of erythrocytes in physiological saline exactly paralleled the reduction in haemolysis when the suspension was frozen. Whatever the glycerol concentration, haemolysis started when the sodium chloride concentration reached a mole fraction of 0-014, and reached 5 % whenever the mole fraction of sodium chloride increased to 0-02, irrespective of temperature or glycerol concentration (see fig 5) . Nash (1962) studied many other neutral solutes that are cryoprotective for erythrocytes and found that they had the common properties of ability to penetrate cells, lack of toxicity, and a high affinity for water. Clearly, the latter two characteristics are vital; the absence of intrinsic toxicity is a selfevident requirement, and the ability to produce concentrated solutions with a low freezing point is important because such compounds will be the most effective 'salt buffers'. However, the fact that many commonly used cryoprotective agents penetrate cell membranes actually produces some problems and is certainly not a necessary property for cryoprotection.
Penetrating cryoprotective agents like glycerol and dimethylsulphoxide (DMSO) permeate a good deal more slowly than water and consequently they all produce osmotic transients, the severity and duration of which vary with the compound and the cell in question. In general, osmotic disturbances have . For many years it was supposed that such macromolecular compounds must have a different mechanism of action from glycerol, because the mole fraction of the protective compound was very low. However, the solution properties of macromolecules are well known to be very non-ideal (Jellinek and Fok, 1967) , especially in high concentration, and Farrant and Woolgar (1970) have shown that the presence of 15-30% of PVP depresses the rise in salt concentraion of the system PVP-NaCI-H20 sufficiently to enable red cells to survive exposure to -10°C for 20 minutes. Even though these compounds do not penetrate into the cells they will, of course, reduce the build-up of salt concentration inside the cells, since intracellular solute concentration will be in equilibrium with external salt concentration, which is reduced. An additional factor has been pointed out by Woolgar (1972) , who showed that haemolysis was reduced by the presence of external colloid (PVP) when frozen red cell suspensions were thawed; this was probably due to the balance that the PVP provided for the intracellular colloid once the cell membranes had become leaky to cations. Other more specific actions of certain high molecular weight materials may also play a part in cryoprotection, but it seems likely that the most important action of high molecular weight, non-penetrating cryoprotective agents is the same as that proposed by Lovelock for glycerol.
It will be appreciated that all these cryoprotective agents affect only the part of the graph relating damage to cooling rate which has been ascribed to solution effects. This was very elegantly demonstrated by the study of Leibo et al (1969) , who showed for mouse bone marrow cells that increasing the glycerol concentration produced progressively greater surviving fractions at progressively lower cooling rates, but left the 'intracellular freezing' part of the curve completely unaffected (see fig 6) .
Cell Preservation
Long before much of the fundamental information reviewed above was available, experimental investi- group.bmj.com on July 6, 2017 -Published by http://jcp.bmj.com/ Downloaded from gation had shown that many cells could be preserved by 'slow' (-1°C min-') cooling in the presence of moderate (1-2 molar) concentrations of glycerol or DMSO, and this came to be regarded as the 'standard technique'. The accumulation of information on the mode of action of cryoprotectants and the effect of cooling rate has shown that this is far too simple a view; each cell should be considered separately since variation of the cooling rate, the cryoprotective additive, and the technique of post-thaw handling will produce different, sometimes very different, optimum conditions for the storage of each cell. Moreover, it should not be assumed that the maintenance of a single cooling rate throughout the process is optimal; in the original work on spermatozoa, Polge and Lovelock (1952) obtained their best results by cooling at 1°C min-1 to -15°C and then at 5°C min-, and the same technique has been used for bone marrow (Pegg, 1964a ) and other cells (Smith, 1961b (1975) have shown that during the holding time, when the cells are exposed at a low temperature to a high external osmolality, they shrink, and that when they are then cooled rapidly, they do not freeze internally. Thus, the mechanism of cryoprotection is precisely the same as that in controlled-rate cooling, but because the cells are dehydrated at a lower temperature, where chemical reaction rates are slower, it seems reasonable to predict that overall survival may be improved over the controlled-rate technique where the cells spend longer at higher temperatures during freezing. So far the two-step method has been shown to be applicable to bull spermatozoa (Luyet and Keane, 1955) , human lymphocytes, and hamster fibroblastic tissue culture cells (Farrant et (Bronson and McGinniss, 1962) , a technique that avoids the possibility of frozen droplets from different blood samples getting mixed.
Provided that a well insulated Dewar vessel is used for storage, the samples may be stored in the gas phase above the liquid nitrogen where the temperature should be below -160°C.
Attempts to adapt this sort of technique to the sterile storage of pint volumes of blood for transfusion met with great difficulties. Special flat or Long-term preservation oJ cells and tissues: a review corrugated metal cannisters were developed and techniques were devised for accelerating heat transfer from them into liquid nitrogen during immersion cooling (Strumia et al, 1960) Visking tubing immersed in a 200 ml beaker of physiological saline is satisfactory for 5 ml samples (Weiner, 1961) .
The first really practical method of removing glycerol from pint volumes of blood for transfusion involved the use of the Cohn ADL fractionator for continuous washing of the cell suspension. The thawed glycerolized blood was run into the sterilized bowl revolving at 4000 rev/min, and followed by 4 litres of solution of progressively decreasing glycerol content, starting at 11 M and falling to zero over about 90 minutes. The residual glycerol content was typically 0O05-0-1 M and the post-transfusion recovery was 85-90% (Pyle, 1964 Cohen and Gardner (1966) found that glycerol toxicity could be greatly reduced by using extremely gentle methods of deglycerolization following thawing; the maximum tolerated concentration then rose to 1-7 M, but the proportional survival was only 23 %. Since platelets seem to be particularly susceptible to osmotic shock, it is not surprising that DMSO, which diffuses much more rapidly than glycerol, should have given somewhat better results. lossifides et al (1963) reported an estimated 30% recovery after storage at -196°C with 2-1 M DMSO in plasma for five weeks. Djerassi and Roy (1963) found that a lower concentration of DMSO (0 7 M) combined with 0-28 M dextrose yielded 70% platelet recovery immediately after infusion into x-irradiated animals, and 30% survival 24 hours later. Fresh platelets, in their hands, showed a 65 % survival at 24 hours, so the preserved platelets were about one half as effective as the fresh material. The value of the added glucose is doubtful, however; Murphy et al (1974) found it to be without significant effect, but they confirmed the superiority of 0 7 M DMSO over previous experience with glycerol. Valeri's laboratory has now developed the DMSO technique to the point where it can be used clinically (Handin and Valeri, 1972; Valeri et al, 1974 Barnes and Loutit (1955) were the first workers to show that haemopoietic cells from the spleens of infant mice would survive storage at -79°C if they were cooled at approximately 1 C min-' to -15°C and then more rapidly, and if the suspending medium contained 2-0 M glycerol. These results have been confirmed by many workers using actual bone marrow cells of many species, viability being assessed by the ability to recover lethally irradiated animals.
David E. Pegg DMSO has also been shown to be effective but the relative efficiency of the two compounds is in some doubt: Ashwood- Smith (1961) found DMSO to be superior, whereas Kurnick (1968) found that glycerol was more effective and van Putten (1965) obtained identical results with each compound. For clinical use the balance probably tips in favour of glycerol for two additional reasons: glycerol is a physiological compound that has been widely used for red cell preservation without any evidence of harmful side effects, whereas there are some doubts about DMSO (Smith et al, 1967) , and this compound has the undesirable effect of causing the recipients of significant quantities to acquire a most unpleasant sulphide odour. Other cryoprotectants have been studied in experimental animals, and PVP has been shown to be effective in rats (Persidsky et al, 1965) . van Putten (1965) made the interesting observation that a combination of 1-4 M glycerol and 10% PVP is more effective than either compound separately in the preservation of monkey bone marrow cells, and this is probably the technique of choice for clinical use. In spite of early worries about the toxicity of PVP, there seems to be no reason why a low molecular weight fraction such as K-15 should not be used clinically. Unfortunately the relatively precise spleen-colony assay for stem cell survival cannot be used with human marrow, and since direct testing in lethally irradiated individuals is clearly inapplicable, one is forced to rely on in vitro techniques for quantitative measurements of survival rates for preserved human bone marrow cells. These are not entirely satisfactory (Pegg, 1964b) although improvements in the semisolid culture method of Bradley and Metcalf (1966) should soon provide more reliable data. In the meantime one is forced to rely on the evidence from studies in experimental animals and the results of limited clinical studies (Pegg, 1964a) . On this evidence the following procedure is suggested:
1 Dilute the bone marrow suspension with an equal volume of balanced salt solution containing 3 M glycerol, possibly with 20% K 15 PVP, and allow 30 minutes at 4°C for equilibration. 2 Cool the suspensions at 1-2°C min-' to -100°C and store at -196°C. 3 Thaw rapidly by agitation in a 40°C water bath. 4 Administer the suspension intravenously without prior dilution or manipulation. Attempts have been made to remove the cryoprotectant before administration, but this results in unacceptably high cell losses (Pegg, 1964c) and is not recommended with presently available techniques.
PRESERVATION OF GRANULOCYTES
It has been known for many years that lethally group.bmj.com on July 6, 2017 -Published by http://jcp.bmj.com/ Downloaded from irradiated animals may be recovered by the infusion of large quantities of peripheral blood leucocytes (Cavins et al, 1964) although it is uncertain whether this is due to the presence of adequate numbers of stem cells in the peripheral blood, or to temporary support for a sufficient time to permit natural recovery of the irradiated marrow. The clinical application of these observations was difficult until the development of cell separators made it relatively easy to collect the very large numbers of cells required, and there is now a resurgence of interest in the possibility of using granulocyte transfusion in leucopenic patients with severe bacterial or fungal infection (Lowenthal and his colleagues, 1975; Vallejos and his colleagues, 1975) . Clearly, such a clinical programme would be simplified if it were possible to store granulocytes for long periods of time. Unfortunately, however, granulocytes are extremely susceptible to freezing injury, and attempts to preserve them in the presence of DMSO by slow cooling to -196°C have yielded very low survival rates (Cavins et al, 1965; Cavins et al, 1968) . Knight et al (1975) have shown that human granulocytes are severely damaged by rapid cooling to -15°C even if they are supercooled, and that this thermal shock can be prevented by cooling at 03°C min-'. However, as soon as freezing occurs and the suspension cools again after the evolution of latent heat, the majority of the cells are lost. The mechanism of this damage is not yet known but may be due to the sensitivity of lysosomes to high concentrations of electrolytes (Lee and Allen, 1972) .
PRESERVATION OF LYMPHOCYTES
Lymphocytes resemble bone marrow cells in their requirements for satisfactory preservation, and similar high recovery rates can be obtained with the optimum techniques. Both glycerol and DMSO have been used as cryoprotectants, and it is generally agreed that DMSO is more effective. AshwoodSmith (1964) used 2-1 M DMSO and preserved mouse lymphocytes by cooling at 4°C min-1 followed by storage at -196°C. Pegg (1965) used somewhat slower cooling to preserve human lymphocytes in 1-4 M DMSO. The interaction between DMSO concentration and cooling rate was studied by Farrant et al (1972) , who found that the maximum recovery of CON-A responsive human lymphocytes was obtained at 0-3°C/min in 1-4 M DMSO and at 1°C min-' in 0-7 M DMSO. Thorpe et al (1975) have studied the influence of post-thaw manipulations on the recovery of frozen mouse lymphocytes: they found that dilution of the suspension to remove DMSO should be carried out at 25°C rather than at 0°C, and that the presence of 10 % serum, and the use of low g forces for centrifugation, were beneficial.
Thus, a convenient technique would be to mix the lymphocyte suspension with an equal volume of 1-4 M DMSO in BSS containing 10% serum, cool at 0 3°C min-1, and store at -196°C. When required, the suspensions should be thawed rapidly in a 40°C water bath, then placed in a 25°C bath and diluted 10-fold using 10% serum in BSS taking about 2 minutes to complete the dilution, and finally centrifuged at 60 g to deposit the cells.
The two-step cooling procedure can also be used to preserve small volumes of lymphocyte suspension (Farrant et al, 1974) ; 0-2 ml aliquots in 0-7 M DMSO can be cooled rapidly in small glass vials by placing them in a bath at -25°C, and after 10 minutes the vials are transferred to liquid nitrogen at -196°C. The cells are thawed and diluted as before, and 100% recovery has been reported. This technique is remarkably effective but may turn out to be somewhat limited in its practical application since preliminary results indicate lower recovery rates when the sample volume is increased to 1 ml.
Applications in Microbiology
Viruses and bacteria differ from the mammalian cells that we have considered so far in that many of them, although not all, are remarkably resistant to freezing injury so that recovery can be obtained even without the help of cryoprotectants. Indeed, many species can be fieeze-dried. Space does not permit of a comprehensive review of freezing and drying of microorganisms here; for this, reference should be made to Fry (1966) and to Grieff and Rightsel (1966) , but a brief survey, with emphasis on basic principles, will be given here.
PRESERVATION OF BACTERIA
Some bacteria, and most spores, will survive practically any freezing and thawing procedure; spores, of course, contain relatively little freezable water so their resistance is hardly surprising. Most micrococci, streptococci, and staphylococci are highly resistant, while the bacillus, lactobacillus, and pseudomonas species are rather more easily damaged. In general, even if the organisms will withstand freezing and thawing per se, the survival rate falls off with storage time, unless the temperature is below -60°C. This characteristic is highly dependent on the composition of the suspending medium (Woodburn and Strong, 1960) , sugars in particular often being protective. It seems most likely that in bacteria, as in mammalian cells, death is caused by the high salt concentrations produced both internally and externally by freezing, and that sugars act colligatively to reduce electrolyte concentrations. When the temperature is much lower, for example -196°C, progressive loss during storage is not generally observed.
Some bacterla exhibit thermal shock, that is, they can be destroyed by cooling rapidly even without freezing; this is true of log-phase E. coli (Meynell, 1958) for example. Whether intracellular freezing is often a significant factor in freezing damage to bacteria is disputed, but Mazur has produced convincing evidence that it is in the case of rapidly cooled Pasteurella tularensis (Mazur et al, 1957) , and it seems likely to be of general importance. Both thermal shock and intracellular freezing can, however, be avoided by slow (-1°C min-1) cooling. The protective effect of sugars has already been referred to: 10% glucose or sucrose may be used, but 1-3 M glycerol is even more effective (Postgate and Hunter, 1961) : storage should be at -80°C or -196°C for maximum stability, although the more resistant organisms will survive well at much higher temperatures, even at -200 or -30°C.
It has been mentioned that many bacterial cells will withstand freeze-drying. In this process water is sublimed at a low temperature under reduced pressure. During the freezing phase that precedes drying, the cells are subjected to the same influences of rising solute concentration and temperature change that have been discussed at length already; steps should be taken to avoid thermal shock and intracellular freezing by cooling slowly, and electrolyte damage may be minimized by using cryoprotectants. Cryoprotective compounds have the additional property of holding a certain amount of water in the specimen at the end of drying, which is important because it has been shown that optimum storage is obtained when the residual moisture level is around 1 % (Scott, 1960) . The temperature at which drying is carried out is also of great importance, and if this is allowed to rise above -30°C the recovery rate falls dramatically with many species (Greaves, 1956) . Presumably this effect is due to exposure of the cells to strong electrolyte solutions for long periods of time, and it is very disturbing to note that many laboratory freeze-driers in common use do not permit any control of the drying temperature. It is also important to include in the preservation medium some inert material that will give body to the freeze-dried product to facilitate handling and resuspension; one suitable compound is dextran, which has the additional advantage of being cryoprotective. A convenient medium for freeze-drying bacteria is 7-5 % sucrose, to provide cryoprotection and maintain a satisfactory residual moisture, 8 ' dextran to produce added bulk, and 2% sodium glutamate which mops up carbonyl groups in the medium and improves stability during storage (Muggleton, 1960 Melnick (1965) . Lyophilization can also be used with many but not all viruses, 20 % serum or skimmed milk usually being included in the suspending medium. Further details of methods for individual species can be obtained from the review by Grieff and Rightsel (1966 (Scherer, 1960 ).
Porterfield and Ashwood- Smith (1962) found 1-4 M DMSO to be superior to 1-4 M glycerol for chick fibroblasts and human embryo lung cells. These findings were confirmed by Dougherty (1962) , who found 1°C min-1 to be the optimum cooling rate and also demonstrated the value of including serum in the medium. Thawing was carried out rapidly by immersion in a 37°C water bath, and the cryoprotectant was removed by dilution with growth medium over a period of about 5 minutes. This method is of wide but not universal applicability. Chinese hamster lung fibroblasts gave very low survival rates by this method, but survival rose to 60% when they were cooled in 1-25 M glycerol at 100°C min-1 (Mazur et al, 1970) , and rapid thawing was vital. Good survival at 10°C min-1 was obtained when 15 % w/v PVP (MW 40 000) was used as the cryoprotectant. This study underlines the importance of determining the optimum cooling rate and studying more than one cryoprotectant when faced with a new cell line to store. More recently, it has been shown that hamster lung fibroblasts suspended in 065 M DMSO can be cooled rapidly to -26°C, held at that temperature for 10 minutes, and then cooled rapidly to -196°C. After rapid thawing 75 % survival was obtained (Farrant et al, 1974) . Twostep cooling will probably be applicable to other cell lines also.
Organ cultures are sometimes used for viral growth and the investigation of antiviral drugs, but these tissues will not survive storage by the conventional '1°C min-1 + 1 to 2 M DMSO' method. Morris and his colleagues (1973) studied the interaction of DMSO concentration and cooling rate with embryonic human trachea and obtained excellent recovery, as tested both by ciliary activity and viral growth potential, when the tracheal rings were cooled at 0 3°C min-' in Eagles medium containing 2% serum and 3-3 M DMSO. It is probable that other tissues will yield satisfactory preservation methods if similar systemic studies are carried out.
PRESERVATION OF PROTOZOAL PARASITES
Malarial parasites (Collins and Jeffery, 1963) , trypanosomes (Polge and Soltys, 1957) , Leishmania (Mieth, 1966), and Trichomonas (McEntegart, 1954) have all been successfully preserved by freezing with various cryoprotectants. In many cases, however, the cooling rate has not been controlled, nor the effect of different cryoprotectants studied. Callow and Farrant (1973) subjected Leishmania tropica to such an investigation and found DMSO to be superior to glycerol, sucrose, and PVP, and showed that cooling at 1-9°C min-' in 1-5 M DMSO gave maximal survival.
Applications in Experimental Pathology
I would like to conclude this review with a brief survey of cryopreservation techniques that have been developed for a variety of cells and tissues that might be of interest to experimental pathologists, and finally to mention some quite recent work on the preservation of more complex tissues than those we have dealt with so far.
PRESERVATION OF TUMOUR CELLS
Some experimental tumours can be stored at -79°C or -196°C and retain their transplantability without the use of any cryoprotectant (Ising, 1960) although it is likely that, in some cases at least, this is due to preservation of tumour viruses rather than intact cells (Gye et al, 1949) . The addition of glycerol (Hauschka et al, 1959) or DMSO (Greenberg, 1966) has generally yielded more consistent results, but precise information on optimum conditions and quantitative estimations of survival are available for very few malignant cells. have studied leucocytes from the peripheral blood of patients suffering from acute myeloid leukaemia or chronic lymphatic leukaemia; the cells were cooled at various rates in medium containing 5 % DMSO and recovery was assessed by thymidine incorporation. They found populations of leukaemic cells that survived at rates both faster and slower than that giving maximal survival of normal lymphocytes, and each population could be recovered after refreezing at its own optimum rate. This interesting study emphasized once more the importance of investigating the interdependence of the cryoprotectant, its concentration, and the cooling rate for each cell type, and introduced the possibility of using cryobiological techniques to separate subpopulations of cells. More experimental work using qualitative assays of cell recovery is required in this field.
PRESERVATION OF EMBRYOS
A recent innovation of considerable potential significance is the development of a technique for the preservation of early mammalian embryos. Whittingham et al (1972) described experiments in which the effects of suspending medium, cooling rate, final temperature, and warming rate were studied on mouse embryos up to the blastocyst stage. It was found that maximum recovery was obtained when the embryos were cooled at 0-3°C min-1 in 1 M DMSO and rewarmed at 4°C min-.1 Survival reached 70% with two cell embryos and 20% with early blastocysts. When they were transferred to foster mothers 65 % of the embryos gave rise to a pregnancy and 40% of these produced normal fullterm fetuses. The insensitivity to very slow cooling combined with a high sensitivity to rapid thawing is quite remarkable, and so far is unexplained. It is however beyond doubt since the same finding was repeated independently in a similar study carried out at the same time by Wilmut (1972 Billingham and Medawar (1952) showed that rabbit skin could be preserved if it was first soaked in 1 6 M glycerol for 1 hour and then cooled slowly to -150°C. Thawing was carried out rapidly by plunging the frozen skin into Ringer's solution at 37°C, and viability was proved by grafting. Lehr et al (1964) found that DMSO could be used with human skin, and that a range of cooling rates from 0 4 to 8 0°C min-1 were equally effective whereas thawing had to exceed 50°C min-1 for maximum survival. Cornea is structurally somewhat similar to skin and can be preserved by similar methods; using 1P8 M DMSO and slow cooling it was important to add the DMSO at 4°C rather than at room temperature in order to minimize toxic effects (O'Neill et al, 1967) .
In the 1950s Smith and Parkes showed that a wide variety of embryonic tissues could be preserved by 'slow' cooling in media containing serum and 2 M glycerol: this included ovarian granulosa (Smith, 1952) , anterior pituitary (Smith, 1961c) , adrenal cortex (Parkes, 1955) , and thyroid (Parkes, 1959) . It was important to allow sufficient time for the glycerol to permeate the tissue and to handle the tissue fragments carefully after thawing.
PRESERVATION OF MORE COMPLEX TISSUES
None of the techniques described so far has been successful for the preservation of more complex tissues, much less of whole organs like heart, liver, and kidneys. The reasons for this failure are obscure, and various possibilities have been discussed in detail elsewhere (Pegg, 1973) . However, an interesting technique has been developed by Farrant (1965) and Elford and Walter (1972) which may eventually make cryopreservation of quite complex tissues a reality. Farrant was studying possible mechanisms of freezing injury in smooth muscle tissue when he observed that greatly improved functional recovery could be obtained if the concentration of DMSO was increased during cooling and decreased during rewarming so that freezing was never allowed to take place. The changes in DMSO concentration were made in steps, sufficient time being allowed for diffusion through the tissue at each step. Elford and Walter (1972) found that function could be improved still further if the major anion in the medium had a molecular weight greater than 200 and if the initial pH of the medium, measured in the presence of 7 7 M DMSO, exceeded 8-4. Reversing the relative concentrations of sodium and potassium in the bathing medium improved the speedofrecoveryafter rewarming. Maximum recovery was obtained when medium containing 60 mm PIPES (piperazine-NN'-bis-2-ethanesulphonate) and 165 mm K+ was used; the DMSO concentration was increased in five stages at 37°C, -7°C, -14°C, -22°C, and -39°C, and David E. Pegg cooling was then continued to -79°C in a final DMSO concentration of 7-7 M. The steps were reversed during warming and there was no freezing at any time. Contractile response to histamine was measured in an organ bath at 370C, and the transient response was as powerful as that of unfrozen muscle, although this was followed by a gradual relaxation which was not seen in the controls. Electron microscopic appearances were indistinguishable from those of fresh muscle. In this technique there is no increase in electrolyte concentration although there are changes in pH during cooling and, of course, in DMSO concentration. This technique is much more complicated to use than any of the more conventional methods described previously, but this may be acceptable in special circumstances; it is hoped, for example, that some success in subzero organ preservation may eventually be obtained in this way.
Equipment for Cryopreservation
Throughout this review emphasis has frequently been laid on the importance of cooling rate, of storage temperature, and, during two-step techniques, of the intermediate holding temperature. Several sophisticated controlled-rate cooling machines have been described Hayes et al, 1974) and some are commercially available; they are convenient to use and provide a record of the cooling curve actually obtained, which is a valuable safeguard. All the machines currently on the market in the United Kingdom use liquid nitrogen as the refrigerant. Any potential purchaser should however ensure that a cam follower, or some similar programming device, is used: differential thermocouple controllers have serious drawbacks which are discussed elsewhere and their use is not recommended. It is quite possible however to build simple cooling apparatus in the laboratory, and devices that rely on the immersion of an insulated cooling vessel in a bath of liquid nitrogen or methylated spirit cooled with solid carbon dioxide are perfectly practicable. Rather less satisfactory are the insulated hollow plugs designed to produce slower cooling when inserted into the neck of a liquid nitrogen tank; the cooling rates obtained are quite variable and very dependent on the load of samples being cooled.
The constant-temperature bath, typically at -25°C, required for two-step cooling is best provided by placing a bath of silicone oil or glycerol solution in an electrical refrigerator set to that temperature.
Storage of cells is most conveniently and reliably achieved by the use of liquid nitrogen refrigerators. There is a wide choice of refrigerators on the market
